The KPC gene is commonly encoded in a transposon structure on a transferable plasmid, thus enabling it to spread to other gram-negative species, particularly those in the Enterobacteriaceae. Of particular concern is its spread to Escherichia coli, which is part of our commensal and the most frequent cause of communityacquired urinary tract infection [2] . Several studies have documented the emergence of KPC-producing E. coli in the United States [3] [4] [5] [6] . We previously reported a case in which interspecies transfer of the KPC gene was suspected among 3 species including E. coli [7] .
E. coli is rapidly becoming resistant to fluoroquinolones and cephalosporins, which is driven by the worldwide dissemination of a specific multidrug-resistant clone defined by sequence type (ST) 131 [8] . E. coli ST 131 is most typically encountered in isolates producing CTX-M-type extended-spectrum β-lactamase (ESBL) [9, 10] . Two case reports have identified E. coli ST 131 producing KPC, but the extent of this phenomenon is not known [11, 12] .
Since the initial case [7] , we have seen an increasing number of KPC-producing E. coli at our hospital. The present study was conducted to elucidate the clinical and microbiologic features of KPC-producing E. coli.
MATERIALS AND METHODS

Case Identification
E. coli isolates with nonsusceptibility to ertapenem were collected at the University of Pittsburgh Medical Center (Presbyterian and Shadyside Campuses) between September 2008 and February 2011. Reduced susceptibility to ertapenem is known to be the most sensitive indicator in screening for KPC production [13] . Possession of the KPC gene was screened by a simplex polymerase chain reaction (PCR) reaction and confirmed with sequencing of the PCR products [7] . Phenotypic testing for carbapenemase production and KPC production were also conducted using the modified Hodge test and the aminophenyl boronic acid test (APB), respectively [13, 14] . For the cases with KPC-producing E. coli, the microbiology database was searched to identify ertapenem-nonsusceptible non-E. coli species from the same patients within a 1-month period before and after the isolation of KPC-producing E. coli. These non-E. coli isolates were also subjected to PCR analysis for confirmation of possession of the KPC gene and used for subsequent plasmid analysis.
Case-Control Study
KPC-producing E. coli cases were grouped by age and sex. ESBL-producing, non-KPC-producing E. coli cases were selected as controls and were frequency matched to the case age and sex grouping so that the distribution of age and sex among controls was similar to that among cases. The casecontrol ratio was 1:3. Clinical information including demographics, type of infection, underlying medical conditions, previous contact with healthcare system, previous antimicrobial use, and presence of indwelling catheters were collected from deidentified medical records. Univariate logistic regression analyses were performed to determine risk factors for KPC-producing E. coli. Exact logistic regression was performed when one group did not have any members with a given risk factor, and the median unbiased estimate is reported instead of a P value for those cases. All variables with P values <.2 in the univariate model were eligible for inclusion in the multivariable model. A multivariable logistic regression analysis was performed in a stepwise manner with a stay criteria of P < .05 to determine independent risk factors. After determination of an initial model, variables that were not significant were removed from eligibility, and the analysis was run again to determine a final model. All tests were 2-tailed. SAS software, version 9.2, was used for the analysis (SAS Institute).
Susceptibility Testing
Susceptibility of the KPC-producing E. coli to various β-lactams was determined using the agar dilution method. Susceptibility to non-β-lactam antimicrobials was obtained by the broth microdilution method (Sensititre GN4F; TREK Diagnostic Systems). The minimum inhibitory concentrations (MICs) were interpreted according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [15] . For colistin, the break point for Pseudomonas aeruginosa was used. For tigecycline, the Food and Drug Administration break point for Enterobacteriaceae was used.
β-Lactamase Gene Identification and Phylogenetic Typing
PCR analysis was conducted to detect TEM-, SHV-, and CTX-M-type ESBL genes and also CMY-type acquired AmpC genes, as described elsewhere [16, 17] . All PCR products were sequenced to confirm genotypes that contributed to cephalosporin resistance. Phylogenetic typing was performed using the method published elsewhere [18] .
Multilocus Sequence Typing and Pulsed-Field Gel Electrophoresis
Multilocus sequence typing (MLST) was performed on all KPC-producing E. coli isolates according to the protocol by Achtman et al [19] . Allelic profiling and ST determination was performed through the E. coli MLST website maintained at the University College Cork (http://mlst.ucc.ie/mlst/dbs/Ecoli).
The isolates were also subjected to pulsed-field gel electrophoresis (PFGE) to evaluate for genomic relatedness. Genomic DNA of the isolates were prepared as described elsewhere [20] . Fingerprints were generated by XbaI (New England Biolabs) and subjected to electrophoresis using a CHEF DR III system (Bio-Rad). The relatedness of PFGE patterns was determined by unweighted-pair group method using average linkages and the DICE setting clustering analysis on Bionumerics software, version 6.0 (Applied Maths).
Plasmid Analysis
To characterize the plasmids bearing the KPC gene among the E. coli isolates, as well as isolates of other species from the same patients, transfer of the plasmids was performed by conjugation or transformation. Conjugation was performed by liquid mating in lysogenic broth with E. coli J53Azi R as recipient. Transconjugants were selected on lysogenic agar containing 100 μg/mL sodium azide and 50 μg/mL ampicillin. Transformation was performed using electrocompetent E. coli DH10B, and plasmids were prepared from the clinical isolates. Transformants were selected on lysogenic agar containing 50 μg/mL ampicillin. Transfer of plasmids with the KPC gene was confirmed by PCR analysis. The plasmids were extracted from these transconjugants or transformants using the standard alkaline lysis method. Fingerprints of the plasmids were generated by digesting them with EcoRI or HpaI (New England Biolabs).
RESULTS
Clinical Features of Patients With KPC-Producing E. coli Infection
A total of 13 patients with infection due to KPC-producing E. coli was identified from the study period. Five were reported as ESBL-positive and the remainder negative by the clinical microbiology laboratory. The clinical features of the patients are summarized in Table 1 . E. coli was isolated from urine (n = 6), intra-abdominal source (n = 4), bronchoalveolar lavage (n = 2), or blood (n = 1). The periods between hospital admission and identification of KPC-producing E. coli were highly variable (median, 1 day; mean, 49 days; range, 0-176 days). Six patients were transferred from a nursing home, and 1 patient from another hospital. Six were admitted from home, but they all had significant underlying comorbid conditions (Table 1) . Ten patients were deemed to have infection due to this organism, whereas 3 patients were found to be colonized only. They were treated with a variety of definitive antimicrobial therapies, which included carbapenems, cefepime, trimethoprim-sulfamethoxazole, ciprofloxacin, amikacin, tigecycline, and colistimethate, alone or in combination. Of those with infection, 6 were alive and 3 had died 28 days after infection. Compared with patients with ESBL-producing E. coli, more patients with KPC-producing E. coli attended the hospital clinic or had liver disease. Of the two risk factors, only liver disease remained as an independent risk factor in multivariate analysis (odds ratio, 7.50; 95% confidence interval, 1.48-38.03; P = .01) (see Supplementary Table) . Five of 13 patients had ≥1 other species identified as producing KPC within 1 month from identification of KPCproducing E. coli. Patients 1, 12, and 13 had KPC-producing K. pneumoniae. Patient 4 had both KPC-producing Enterobacter cloacae and Klebsiella oxytoca. Patient 9 had KPCproducing Serratia marcescens.
Phenotypic Testing, Antimicrobial Susceptibility, and β-Lactamase Production of KPC-Producing E. coli All KPC-producing E. coli isolates from the 13 patients had a positive modified Hodge test result, in which clover leafshaped distortion of the ertapenem disk zone of E. coli ATCC25922 occurred in the presence of these isolates. Results of the APB, the phenotypic confirmation test for KPC production, was positive in 12 isolates using ertapenem as the substrate and 300 μg of APB as the inhibitor, and a 5-mm zone difference as the cutoff. One isolate was read as negative because the zone difference was 4 mm.
Antimicrobial susceptibility is shown in Table 2 . All isolates were resistant to piperacillin-tazobactam, cefotaxime, ceftazidime, and aztreonam, and many were resistant to cefepime as well. The MICs of carbapenems were variable and lower than what is typically observed with K. pneumoniae, consistent with a previous report [4] . Among non-β-lactams, aminoglycosides remained relatively active with 13, 9, and 8 isolates susceptible to amikacin, gentamicin, and tobramycin, respectively. Tetracyclines were also active, with 12 isolates susceptible to minocycline. Four isolates were susceptible to fluoroquinolones (levofloxacin and ciprofloxacin), and all isolates were susceptible to tigecycline and colistin.
In total, 6 and 7 isolates produced KPC-2 and KPC-3, respectively. Coproduction of ESBL or acquired AmpC was rather uncommon, with only 3 isolates producing SHVtype ESBL and 1 isolate producing CMY-44, a cefepimehydrolyzing variant of CMY-2 [21] . Of note, none of them produced CTX-M-type ESBL, including CTX-M-15.
Phylogenetic Typing and Molecular Typing
In total, 9, 3, and 1 isolates belonged to phylogenetic groups B2, D, and B1, respectively. None belonged to group A. Phylogenetic groups B2 and D have been associated with extraintestinal infections, whereas groups A and B1 are generally considered commensals [22] .
By MLST, 7 of the phylogenetic group B2 isolates belonged to ST 131. ST 131-B2 is the international epidemic, multidrug-resistant clonal lineage that is especially linked to CTX-M-type ESBLs [23, 24] . The remaining 2 group B2 isolates belonged to ST 372 and ST 404. Two of 3 group D isolates belonged to ST 648. ST 648-D has been associated with ESBLs and NDM-type metallo-β-lactamase and found in humans as well as animals [17, 25, 26] . The remaining group D isolate and the group B1 isolate belonged to ST 964 and ST 2521, respectively. ST 964-D has also been associated with CTX-M-type ESBLs [27] . ST 2521 is a single-locus variant of ST 446, which has been associated with CTX-M-type ESBLs as well [28] . The findings of molecular typing are summarized in Figure 1 , along with the PFGE profile.
Plasmid Profiles
The restriction profiles of the plasmids encoding the KPC genes in E. coli are shown in Figure 2 . Five of the plasmids showed identical restriction pattern. They included 4 ST 131 isolates and the ST 404 isolate. However, the remaining plasmids had distinct restriction patterns, including the other 3 ST 131 isolates, suggesting that both clonal spread and independent acquisition of various KPC-encoding plasmids are responsible for the emergence of KPC-producing ST 131 strains at our hospital. The restriction profiles of the plasmids of different species from the same patients were then examined (Figure 3) . The profiles from patients 9, 12, and 13 matched well between E. coli and S. marcescens or K. pneumoniae. The profiles of E. coli and K. oxytoca from patient 4 showed some similarity as well, whereas those of E. coli and K. pneumoniae from patient 1 and E. cloacae from patient 4 were distinct.
DISCUSSION
ESBL-producing E. coli have become prominent in the last decade. In a worldwide survey of urinary tract isolates conducted between 2009 and 2010, 17.9% of E. coli were ESBL positive [29] . The rapid rise in the rates of ESBL producers has been attributed to the emergence and expansion of a specific clone of E. coli, which is defined by serotypes O25b and ST 131 [10, 23, 24] . The emergence of ST 131 has coincided with the rise in the number of community-acquired ESBL-producing E. coli infection in many parts of the world [30, 31] . E. coli ST 131 is typically multidrug resistant, especially including resistance to fluoroquinolones, and most frequently described as producing plasmid-mediated CTX-M-15 ESBL [23, 24] , although production of other types of ESBLs by this clone has also been documented [32, 33] . E. coli ST 131 was recently reported to be the most significant cause of antimicrobial-resistant E. coli infection in the United States as well [34] . For infection caused by ESBL-producing E. coli that are resistant to penicillins, cephalosporins, and frequently other classes of antimicrobials, carbapenems remain active and are routinely used for therapy. Emergence of carbapenem-resistant E. coli therefore threatens the viability of this therapeutic approach.
In the present study, we conducted detailed clinical and microbiologic analysis of 13 cases of KPC-producing E. coli we Figure 3 . Plasmid profiles of Klebsiella pneumoniae carbapenemaseproducing Escherichia coli-non-E. coli pairs from 5 cases using restriction enzyme HpaI. Lanes 1 and 2, E. coli and K. pneumoniae from case 1; lanes 3, 4, and 5, E. coli, Enterobacter cloacae, and Klebsiella oxytoca from case 4; lanes 6 and 7, E. coli and Serratia marcescens from case 9; lanes 8 and 9, E. coli and K. pneumoniae from case 12; lanes 10 and 11, E. coli and K. pneumoniae from case 13. Figure 2 . A, Plasmid profiles of 13 Klebsiella pneumoniae carbapenemase (KPC)-producing Escherichia coli isolates using restriction enzyme EcoRI. B, DNA hybridization using a probe specific to the KPC gene. Figure 1 . Pulsed-field gel electrophoresis profiles, phylogenetic groups, and sequence types of 13 Klebsiella pneumoniae carbapenemaseproducing Escherichia coli isolates.
experienced at our hospital. Notably, we identified 7 isolates of E. coli ST 131 among the 13 study isolates (54%). This is the first study to our knowledge to report the emergence of KPC-producing ST 131 isolates in the United States. Of these ST 131 isolates, 4 shared the same plasmid encoding the KPC gene, suggesting spread of an ST 131 strain that has already acquired the KPC gene. However, the remaining 3 had distinct plasmids, which points to the possibility that ST 131 strains in the hospital environment are concurrently and independently acquiring plasmids or transposons encoding the KPC gene. In addition and to our surprise, none of the isolates produced CTX-M-type ESBLs. E. coli ST 131 has been reported to produce a variety of ESBLs other than CTX-M and acquired AmpC β-lactamases [8] . E. coli ST 131 without ESBLs is also carried in the stool of some healthy individuals [35] . Our findings further exemplify the ability of the ST 131 clone to acquire new resistance determinants under selective pressure. Although all the cases in the present study represented hospital-acquired or healthcare-associated infections, future spread of KPC-producing E. coli to the community needs to be carefully monitored, especially given the propensity of E. coli ST 131 to cause community-associated infections [8] .
Another noteworthy finding was that 5 of the 13 KPCproducing E. coli cases were accompanied by ≥1 other species producing KPC identified within 1 month of each other in the same patients. The species were diverse and included K. pneumoniae, K. oxytoca, E. cloacae, and S. marcescens. They were isolated from the same anatomic sites as E. coli for 3 patients and blood for the remaining 2 patients. Plasmid profiling suggested direct transfer of KPC-encoding plasmids between E. coli and the other species in ≥3 of these cases. Transfer of the plasmids encoding the KPC gene between species within patients has been reported on several occasions, including from our hospital [7, 36, 37] . These reports have documented exportation of KPC-encoding plasmids from K. pneumoniae, which is the most common host of this gene, to other species. However, exchange of KPC-encoding plasmids with E. coli serving as the hub, as illustrated in the present study, is potentially a more substantial threat in the long term, because the species is part of the commensal flora that may serve as the host of the KPC gene beyond the period of acute illness.
The patients received various antimicrobial therapies, either alone or in combination, for treatment of KPC-producing E. coli infection. Although we were not able to correlate the therapy received and clinical outcome due to the small number of cases and heterogenous and ill patient population, the MIC data highlight differences between antimicrobial susceptibility of E. coli and K. pneumoniae that produce KPC. Although piperacillin-tazobactam and cephalosporins, including cefepime, are not expected to be effective, the MICs of carbapenems were relatively low with some isolates in the susceptible range, and most of them in the susceptible range if the CLSI break points before 2010 were applied, with the exception of ertapenem, raising the possibility that there may be a role for carbapenems at least in the context of combination therapy [38] . For the non-β-lactams, aminoglycosides, tetracyclines, tigecycline, and colistin showed good to excellent in vitro activity against KPC-producing E. coli. Overall, there still seem to be more therapeutic options available for this group of isolates than for KPC-producing K. pneumoniae [1] .
Our study was limited by the relatively small number of patients with KPC-producing E. coli. During the study period, E. coli was isolated from a total of 9311 patients at our hospital, of which 322 isolates were due to ESBL-producing organisms. Thus, the proportion of KPC-producing E. coli is still quite low at our hospital.
In conclusion, KPC-producing E. coli infections occur in severely ill patients with prolonged or recent hospitalization. Acquisition of the KPC-encoding plasmids by the ST 131 clone seems to represent multiple independent events. These plasmids are often shared between E. coli and other species. This raises a concern that the KPC gene may spread to the community with E. coli ST 131, which is now a common culprit causing community-associated, multidrug-resistant infections.
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